The elevated temperature erosion behavior of several commercial, ferritic and austenitic steels was determined over a range of temperatures from room temperature to 900°C. It was determined that ' all of the steels had constant or decreasing erosion rates as the test .
ABSTRACT
The elevated temperature erosion behavior of several commercial, ferritic and austenitic steels was determined over a range of temperatures from room temperature to 900°C. It was determined that ' all of the steels had constant or decreasing erosion rates as the test .
• temperature was increased until a temperature was reached where a marked increase in erosion rate began to occur with temperature • ..
Austenitic steels were determined to have lower erosion rates than ferritic steels and hardness had no correlation with erosion rate. All of the steels tested eroded by the platelet mechanism of erosion.
IBTR.ODUCTION
The use of structural steel alloys in the erosion-corrosion environments of coal conversion and utilization plant components has resulted in many instances of unacceptable levels of surface degradation. The purpose of this investigation was to determine the erosion rates and mechanisms of several commercial steel alloys used in process plants and boilers. Low alloy and stainless steels were investigated at temperatures from room temperature to beyond their normal use temperature in near inert gas atmospheres. Heat treatable steels were tested in the range of their heat treatment temperatures to determine whether changes in erosion behavior occurred when microstructural changes were occurring in the alloys.
,.
In order to restrict the surface behavior occurring to erosion and not have simultaneous corrosion complicate the analysis. of the active erosion mechanisms, undried nitrogen was used to carry the erodent through the nozzle. Therefore the test results obtained cannot be used 1 directly to predict metal loss rates in plant environments. The investigation reported herein is unique in that only erosion occurred at the elevated test temperatures. Other investigations that combined erosion and corrosion 1 -3 determined that under most all test conditions corrosion is the dominant mechanism and that the erosion of corrosion scale products is occurring in combined testing and not the erosion of the substrate metal.
EXPEitiiiEIITAL COIIDITIOBS
The alloys tested 1n this investigation are listed in Table 1 along with representative compositions from the literature. They were selected to have a variety of metallurgical responses to elevated temperature exposure and to have a varying chromium content to resist the partial pressure of oxygen in the undried nitrogen. The materials were obtained from flat sheet or from 2.5 em thick pipe sections. ·In the latter case, the specimens were run 1 through rolls to produce 0~ em thick pieces. The materials were fully annealed prior to testing or, in the case of 410SS and 17-4PH, heat treated as indicated in Table   1 . The specimens were 5 em X 2 em X 0.3 em and were polished prior to testing to a 240 or 600 grit finish.
The room temperature ·erosion tests were conducted using the nozzle type tester described in Reference 4. The elevated temperature tests were carried out in the elevated temperature tester shown in Figure 1 .
The specimen and carrier gas stream temperatures were controlled within 10°C. This piece of equipment operates in the same manner as the room temperature erosion tester. A single, filament wound furnace 2 .. .
• encapsulates the gas-particle mixing chamber, nozzle and specimen holder as well as a several foot long, coiled heat exchanger placed around the nozzle that heats the undried nitrogen carrier gas prior to its entering the mixing chamber.
The elevated temperature erosion tests were generally conducted in one cycle using 300g of 240-325pm mean dia silicon carbide particles and a lOg/min particle loading. Some of the tests on the 410SS were carried out incrementally. The specimen was preheated in the apparatus with a flow of nitrogen passing over it. The particles impinged upon the specimen surface at several velocities that were controlled by varying the pressure drop across the nozzle in a calibrated manner at impingement angles of either a.=30° or 90°. The pressure setting was determined by using a computer program described in Reference 5 which accounts for the elevated temperature of the gas-particle stream.
After completion of the experiment the specimen was quickly transferred to a cold nitrogen flow and cooled to below 250°C to prevent oxidation.
Some oxidation of the specimens did occur, especially on the low chromium content specimens at the higher temperatures. The cooled specimens were weighed on an analytical balance accurate to 10-4 g after being cleaned with alcohol in an ultrasonic cleaner.
RESULTS

Austenitic Stainless Steels
Types 310 and 304SS were tested at temperatures up to 900°C. Figure 3 .
The lower curve in Figure 2 that plots the erosion rate v.s.
temperature at a=90° has a minimum occurring around the same 400°C temperature at which the erosion rate began to rapidly increase at a=30°. The absolute magnitude of the erosion is near the same at both angles near room temperature but differs markedly at higher temperatures. • ' "' amount of erosion is less at a.=90° than at a.=30°. These observations verify other work that the basic mechanism of erosion of ductile metals does not change with impingement angle. 6 Figure 5 shows a cross section of the surface area of an eroded specimen at two different magnifications. The platelets and craters that occur on the eroding surface can be seen. In the higher magnification photo, the stem of the platelet attaching it to the base metal can be seen. The severely fractured condition of the stem indicates that the platelet will probably be removed by the next impact on it.
The effect of particle velocity on the erosion rate of 310SS is shown in Figure 6 . The slope of the curve, 1.23, is considerably lower than the average slope of 2.5 that is measured in room temperature tests for alloy steels in the range of velocities used in these tests?
The erosion rate for the V=30 m/s test plotted in Figure 2 is lower than the rate for-the V=30 m/s test in Figure 6 because of the different impingement angles used in the two tests. Figure 7 shows the curve of steady state erosion rate v.s. test temperature for 304SS at a.=30°. This steel has a lower chromium content (18%) than the 310SS (25%). The shape of both the 304SS and 310SS curves are the same, but the erosion rates were significantly different above 400°C. Where the erosion rates of both alloys began to increase rapidly with temperature, the erosion rate of the 304SS is 3 times the rate of the 310SS. Since both alloys were eroded in a low P 0 , nitrogen gas atmosphere, the greater elevated temperature corrosion resistance of the 310SS should not account for the erosion rate 5 difference. 
Low Alloy Steels
Three different steels with increasing chromium contents from 0 to 5% chromium were tested. The curves of erosion rate v .s. test temperature for the mate'rials are plotted in Figure 8 . It can be seen I that they behave in a similar manner. Their curves slope down somewhat from room temperature to 200°C and then turn and begin to show an increasing erosion rate with test temperatures starting at around 300°C. This is the same type of pattern as was determined for the austenitic stainless steels except that for 304 and 310SS, the a=30° curves do not dip prior to the temperature at which the erosion rates increase with temperature.
As the chromium content increased, the 25°C erosion rate decreased. However, cross-overs did occur, so the effect of ch~omium was not well defined. The general trend for all of the steels tested.
was to undergo an increase in erosion rate with rising test temperatures above some temperature. The decrease in erosion rates
with increasing temperature for the 1018 and 2 1/ 4Cr1Mo steels up to about 200°C has been observed in 310SS specimens up to 400°C. In the 310SS alloy, however, the decrease occurred only at a=90° and not at a =30° observed for the low alloy steels.
The eroded surfaces of the·steels tested all showed that the platelet mechanism of erosion had occurred. Figure 9 shows the 1018 and 2 1/ 4Cr1Mo steel surfaces after erosion at the 370°C test temperature. There is an indication that oxidation is beginning to occur on the tested surface as indicated by a speckled appearance that develops even though the specimens are bathed in a nitrogen flow before, during and after each test until they have cooled sufficiently below their oxide forming temperature. Figure 10 shows. the formation of oxide on the test surface for the lower chromium content steel. The
310SS specimen with 25% Cr shows no evidence of the oxidation of the test surface while the 2 l/4Cr1Mo specimen has the speckled appearance of oxidation, both having been tested near 400°C.
Another fairly common characteristic observed in the erosion of many ductile metals above the temperature where their erosion rates start to increase with test temperature is the formation of narrow, elongated gouges. These can be seen in Figure 9 . They are formed by sharp, angular protrusions that occur at various angles on the erodent particles. They penetrate the soft surface of the steel and are moved along for a distance by the particles' momentum. These marks are
generally not found in steels tested at room temperature.
Beat Treatment Bardenable Stainless Steels
410SS, a martensitic hardening steel, and 17-4PH, a precipitation hardening steel, were tested to determine how they respond when erosi~n tested in the region of their heat treatment temperatures. Also, the brittle behavior of 410SS when tempered at 475°C, was studied by erosion testing at temperatures below, at, and above its temper brittle inducing temperature. The 410SS was also used to determine the precise shape of the incremental erosion rate curve when small erodent increments were used.
410SS Incremental Erosion Rate Curve Shape
The shape of the room temperature erosion rate curves for the three different tempers of 410SS was the same and is represented by the curve for the 250°C temper material shown in The. interesting part of the curve is the part prior to reaching steady state erosion. In previous work 6 the weight measurement increments were greater than the 2g of erodent increments used in this 8 . .
..
,., work and only the one, highest peak was observed. In the current study, a number of peaks and valleys occur as the curve oscillated irt a dampened manner to steady state erosion. The curves for all three tempers had four peaks and their complementary valleys before reaching steady state erosion. ·This behavior can be explained by the platelet mechanism of erosion as discussed in References 6 and 9. Figure 12 shows evidence of platelets on the cross section of the 250°C tempered 410SS .
Elevated Temperature Erosion Rates
The effect of the tempering temperature and the particular effect of the temper brittle tempering temperature had no impact on the elevated temperature erosion rate of the 410SS. Figure 13 plots the· results of all three tempers on one curve of erosion rate v.s. test
temperature. The curve does not show the absolute level of erosion rate for the two higher temperature tempered conditions as tests were not performed on them at 250°C. There were no breaks in the curve to account for the test being carried at a particular tempering temperature.
The shape of the curve is the same one that occurred for 310SS, 1018 and 5Crl/2Mo steels. The reduction in the rate of erosion at the intermediate temperatures was greater than occurred for the other steels.
17-4PB
The 17-4PH stainless steel in the heat treated condition behaved in the same manner as most of the other steels tested, having a minimum erosion rate at intermediate test temperatures. Figure 14 shows that testing in the range of the heat treatment temperature did not cause 9 any breaks to occur in the curve. The appearance of the eroded surface shown in Figure 15 . at three test temperatures was typical of that which occurred for all of the alloys tested, typical shallow craters and plate lets. However, no sharply defined gouges occurred.
Caaparative Erosion Rates
The bar graphs in Figures 16 and 17 show how the steady state -• erosion rates of all of the materials tested compared at 25° and 250°C.
Austenitic steels had considerably lower erosion rates than the ferritic steels. Heat treatment hardness levels had no relation to erosion rates. 9 The 410SS erosion rate dropped into the range of the austenitic steels at 250°C.
DISCUSS lOB Effect of Test Temperature on Erosion Rate
All of the steels tested either had an initial decrease in their steady state erosion rate as the test temperature increased above room temperature or had a relatively flat response to test temperature. At some elevated temperature, depending upon the particular alloy, the erosion rates began to increase from the minimum value. The stainless steels had enough chromium in them to not corrode in the undried nitrogen atmosphere and, so, could be tested to higher temperatures without forming an oxide scale. Their erosion rates reached or exceeded their room temperature rates at the higher test temperatures.
,._ It is postulated that the initial decrease· in the erosion rate was due to an increase in the overall ductility of the bulk of the test specimen and a decrease in its sub-surface work hardening. While the· I ... short time tensile elongation remained level or even decreased somewhat for some of the alloys up to 400°C the impact strength of some of he alloys increased with temperature. This distributed the force of the impacting particles by plastic deformation of the sub-surface region enough to reduce the magnitude of the localized stresses that develop in the immediate vicinity of each particle impact zone. This reduced the amount of extrusion, forging and fracture of platelets at the eroding surface and, hence, the erosion rate. It is known from room temperature testing 9 ' 10 that the immediate surface regi~n undergoing erosion by small solid particles is heated to relatively high temperatures by the severe plastic deformation that occurs. Therefore, the bulk metal temperature primarily affects the stib~surface behavior of the material.
The increase in the erosion rate at higher elevated temperatures appears to start at the same temperature at which the short time, elevated temperature tensile test curve increases its downward slope.
A detailed explanation to account for this beyond the overall reduction of strength of the metal at higher temperatures has not been developed yet. At this time it is speculated that the local fracture strength of individual platelets is reduced as the result of the nigh bulk temperature of the metal.
Surface Morphology
The mechanism of erosion at all temperatures and impingement angles used in this investigation is the platelet mechanism. 9 It appears that as the test temperature increases, the size of the shallow
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.craters and platelets that are formed increases. This relates to the increase in sub-surface ductility and the decreasing hardne~s ~nd effectivity of the sub-surface work hardened zone or anvil to concentrate the fo-rce of the impacting· partie les in the surface layer.
In some. of the low alloy, ferritic steels, characteristic narrow, long gouges appear on the eroded surface during elevated temperature tes.ting, see Figure 9 . They are seldom seen on austenitic' steels. The This behavior may be related to the difference in the number of active slip planes between the BCC ferritic steels and the FCC austenitic steels.
Velocity Exponent
The erosion rate v.s. velocity curve in Figure 6 is. typical for log-log curves for erosion. The low velocity exponent of, .1.23 for this curve which represents a series of tests performed at 800°C is only one-half of the exponent values measured in room temperature testing of the same type of alloyJ Thus, there is a significant effect of test temperature on the distribution of the kinetic energy of the i~pacting particles in the target material. There does not appear to be the same correlation between erosion rate and velocity exponent a~ elevated temperature that is used in some room temperature erosion models. 7
Beat Treatment and Hardness Effects
There does not ~ppear to be any readily discernibl~.effect of testing at the heat treatment temperatures on the erosion rates of the two heat treated alloys. One is a martensitic hardening alloy, 410SS,
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and the .other a precipitation hardening alloy, 17-4PH. Also, room temperature hardness does not correlate.with either room temperature or elevated temperature erosion rates. The lack of correlation of erosion rates with hardness and tensile strength has been reported before. 8
The austenitic steels eroded considerably less than the ferritic steels. The austenitic steels, 304 and 310SS were tested in the fully annealed condition while the two heat treated stainless steels, 410SS
and 17-4PH were tested in a hardened condition. This has been observed before 8 and is further proof that ductility and not hardness affects the erosion rates of ductile metals.
Incremental Erosion Kate Curves
The 410SS proved to be an excellent vehicle to study the detailed shape of the incremental erosion rate curves of ductile metals, see Figure 11 . For small incremental weights of erodent, measurable weight loss occurred in the 410SS specimens. The explanation for the presence of an early erosion rate peak is presented in Reference 6. The oscillation of the curves for the 410SS to the point where steady state erosion occurs is a simple extension of that explanation.
The relatively small amount of erodent that is required to achieve steady state erosion, lOOg in the case of the 410SS at all three heat treatments tested, and the very flat steady state erosion curve indicates that reliable extrapolation of erosion rates to long times can be made from short time erosion tests.
, CORCLUSIORS
1.
Many alloy steels undergo reductions in their erosion rates at intermediate elevated temperatures.
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2.
Subsequent ·increases in erosion rates at higher elevated temperatures can be related to changes in the downward slope of the short time elevated temperature tensile strength ofthe alloy being tested.
3.
The platelet mechanism of erosion occurred for all alloys at all test temperatures and impingement angles.
4.
Austenitic steels eroded less than ferritic steels.
5.
Hardness did not correlate with either room or elevated temperature erosion rates.
6.
There was no discernible change in the erosion behavior of heat treated steels· when they were tested at their heat treatment temperatures.
7.
The particle velocity exponent of 310SS eroded at 800°C was only one-half of its room temperature value.
8.
The incremental erosion rate curves for 410SS tested at room temperature had several pea.ks of diminishing height before ·steady state erosion occurred. 
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